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ABSTRACT Concanavalin A (con A) receptors on the surface of cultured Xenopus myoblasts redistributed in response
to monopolar, pulsed electric fields. The prefield uniform distribution of the receptors became asymmetrical, and was
polarized toward the cathodal pole, in the same way as in DC fields. The extent of asymmetry depended on the duration
of field exposure, pulse width (or alternatively, interpulse interval), frequency, and intensity. This relationship was most
conveniently expressed by using duty cycle, a quantity determined by both pulse width and frequency. Pulses of average
intensity 1.5 V/cm induced detectable asymmetry within 5 min. At the lowest average field intensity used, 0.3 V/cm,
significant asymmetry was detected at 150 min. For pulses of high duty cycle (>25%), steady state was reached after 30
min exposure and the steady state asymmetry was dependent on average field intensity. For low duty cycle fields, the
time required to reach steady state was prolonged (>50 min). Before reaching a steady state, effectiveness of the pulses,
as compared with DC fields of equivalent intensity, was a function of duty cycle. A low duty cycle field (fixed number of
pulses at low frequency or long interpulse interval) was less effective than high duty cycle fields or DC.
INTRODUCTION
The distribution of cell surface macromolecules can be
modulated by various factors, such as extracellular ligands
(1-3), cell-cell, or cell-substrate contacts (4-7), and extra-
cellular electric fields (8, 9). In a number of cell types,
static electric fields cause the migration and accumulation
of plasma membrane macromolecules toward one side of
the cell, a phenomenon termed "in situ electrophoresis" or
"electromigration" (10, 1 1). Steady state accumulation of
charged membrane components in the presence of a DC
field depends upon at least three molecular processes on
the cell surface: lateral electrophoresis, Brownian diffu-
sion, and solvent drag due to the electro-osmotic flow of
fluid near the cell surface (12). Although the complete
picture of electro-kinetic phenomena involved in electromi-
gration remains to be elucidated, static electric fields have
provided a useful tool in perturbing membrane topography
and in studying the dynamics of cell surfaces (6, 13).
Besides the use of an electric field as a tool in studying
cell surfaces, there is a separate issue concerning the
biological implication of electromigration, namely, is an
endogenous electric field within tissue effective in modulat-
ing membrane topography? In particular, are pulsed repet-
itive electric fields, which are characteristic of endogenous
fields associated with neural activities, capable of inducing
migration of plasma membrane components? If so, what
are the intensity and frequency requirements of the effec-
tive field? In the present study, we investigated the effect
of pulsed fields on the surface distribution of concanavalin
A (con A) receptors in cultured Xenopus myoblasts. Our
aim was to find out whether pulsed fields induce migration
of con A receptors, the time course of the response, and the
effective pulse parameters. The effectiveness of pulsed
fields will then be compared with that of DC fields in the
same culture system. These results provide a basis for
future inquiries into the effects of endogenous field on
membrane topography in the nervous tissue.
MATERIALS AND METHODS
Embryonic muscle cells were obtained from Xenopus laevis (Nasco
Corp., Fort Atkinson, WI) embryos at stage 17-19 (14). Cells were plated
as monolayers on cover slips and cultured at 210C for 40-48 h. Culture
medium contained 85% Steinberg's saline (buffered with 10 mM HEPES
[Sigma Chemical Co., St. Louis, MO]), 10% Leibovitz (Gibco Laborato-
ries, Grand Island, NY) medium, and 5% fetal calf (Gibco Laboratories)
serum; pH was 7.8. The electrophoresis chamber was similar to that
described previously (15), except that the cells were on cover slips. Before
field application, culture medium was replaced by Steinberg's saline.
Electric current was applied to the chamber through a pair of agar
bridges. Current and potential drop across the chamber were monitored.
All experiments were performed at room temperature inside a Faraday
cage. Immediately (time delay was typically 4 s) following field applica-
tion, cell surface con A receptors were labeled with con A conjugated with
tetramethylrhodamine isothiocyanate (R-con A) (Victor Lab Inc., Bur-
lingame, CA). Labeling was carried out at 40C for 8.5 min with
Steinberg's saline containing 15 ug/ml R-con A and 0.1% bovine serum
albumin (BSA) (Sigma Chemical Co.). Cells were then rinsed thoroughly
at 40C with Steinberg's BSA followed by Steinberg's saline alone. This
was followed immediately by microfluorimetry on a Zeiss inverted
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fluorescence microscope (Carl Zeiss, Inc., Thornwood, NY) fitted with a
PM1 photometer. Fluorescence intensity (I) was measured on myoblasts
that retained a spherical shape, with a 9.0Mm diam aperture positioned on
either side of the cell periphery along the field axis. The asymmetry index
(AI) of receptor distribution on spherical cells was calculated according to
the method of Poo et al. (16), namely, AI = (Ic - IA)/(Ic + IA) where Ic
and IA are corrected (background subtracted) fluorescence intensity
measured at the cell periphery facing the cathodal and anodal poles,
respectively. Control cultures (in the absence of field) in general showed
AI below 0.05; AI above this value was taken to be indicative of detectable
receptor migration.
Square pulses were used in all experiments. For each pulsed field
condition, a parallel control was performed on cultures prepared at the
same time from embryos of the same batch (parallel cultures). The
control was always exposed to a DC field of the same average field
intensity for the same duration as the pulsed field. Results obtained from
these cultures were directly compared. Three independent field parame-
ters, frequency, pulse width, and intensity, were varied. Two other related
quantities, interpulse interval and duty cycle, were also used in the
description of experiments. We first studied the time course ofasymmetry
formation in 10 and 100 Hz fields with a 50% duty cycle. The relation
between interpulse interval and asymmetry formation was then explored
in short term (<10 min) and long term (>20 min) exposures. For short
term responses, we used either pulses of fixed width at frequencies
between 10 and 100 Hz or 10 Hz fields at various pulse widths. For long
term responses, fields were applied at 5 to 100 Hz with various duty
cycles. The latter conditions were further extended over the frequency
range 0.5 Hz to 10 KHz with a 50% duty cycle. Detailed exposure
conditions are described in the results.
RESULTS AND DISCUSSION
The apparent difference between the action of a pulsed
field and of a DC field is that the unidirectional electromi-
gration of the receptors is interrupted by periods of diffu-
sional randomization during interpulse intervals. While the
theory for electromigration under the influence of a DC
field has been developed (10), a theoretical analysis for
pulsed fields is not yet available. The experiments
described here aimed to explore empirically (a) the charac-
teristics of molecular migration under uniform pulsed
fields, (b) the minimum average field required to produce
detectable asymmetry in molecular distribution, and (c)
the effectiveness of the pulsed field as compared with a DC
field of the same average field intensity, particularly when
the interpulse interval occupies a large fraction of the pulse
cycle.
Time Course of Asymmetry Formation
In the first set of experiments, a group of Xenopus
myoblast cultures (prepared from the same batch of
embryos) were exposed to repetitive monopolar square-
pulse fields at a pulse intensity of 3 V/cm and frequencies
of 10 or 100 Hz for periods ranging from 5 to 60 min. The
pulse width was set at 50 and 5 ms, respectively, for 10 and
100 Hz fields, giving identical duty cycles (50%) for both
conditions. The effects of electric fields on receptor distri-
bution was examined by postfield fluorescence labeling of
cell surface con A receptors with rhodamine-conjugated
con A. After 5-min exposure to the pulsed field, the
distribution of cell surface con A receptors on these
spherical cells became asymmetric, with more con A
receptors accumulated at the periphery of the cell facing
the cathode. The asymmetry in con A receptor distribution
was determined quantitatively by microfluorimetry (see
Methods) in terms of an asymmetry index (Al), defined as
the normalized difference of fluorescence intensities mea-
sured at the cathode- and anode-facing periphery of the
cell. Fig. 1 shows the result from four separate groups of
cultures. Asymmetry increased monotonically with the
duration of the field exposure, reaching an apparent pla-
teau in -30 min.
The striking finding was that the action of 10 and 100
Hz fields was nearly identical, both in the time course of
asymmetry formation as well as in the extent ofasymmetry
at the apparent steady state. It suggests that equivalent
effects will be produced by field of the same average
intensity (3 V/cm x 50% or 1.5 V/cm) for both the 10 and
100 Hz fields. This notion is further supported by the fact
that the effect of pulsed fields was very close to that
produced by a DC field of 1.5 V/cm in sets of parallel
cultures (Fig. 1).
The asymmetry induced in pulsed fields was also
reversible as was described for the DC exposure (16).
When cells were exposed for 30 min in the above 10 and
100 Hz pulsed fields and labeled with R-con A 30 min
after termination of the fields, the asymmetry index (mean
± SEM, determined from 25 cells) was found to be close to
0.1
jIi
0 I
A00,.0
DOC
:. ^0, .:
t~.
FIGURE 1 Time course for the development of asymmetry in con A
receptor distribution after exposure to DC fields and 50%o duty cycle
pulses. Pulse intensity was always 3 V/cm and DC field intensity was 1.5
V/cm. Data show comparison between DC and (A) 100 Hz and (B) 10
Hz pulsed fields. Each data point (mean ± SEM) was determined from
22-28 cells in one culture. Each pulse-exposed culture was accompanied
by a simultaneous DC exposure to a parallel culture. At each time point,
these paired data were plotted with error bars pointing toward the same
direction. Statistical analysis (Student's t-test) of the pairs showed no
significant difference between the results of DC and pulsed field experi-
ments (P > 0.05) except the case of marked * where 0.01 < P < 0.05.
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the baseline: 0.048 ± 0.011 and 0.040 ± 0.010 following
fields of 100 and 10 Hz, respectively. The reversibility of
the asymmetry after the termination of the field suggests
back diffusion of the accumulated receptors (16).
For electromigration under the influence of a DC field,
theoretical considerations indicated that the time required
to reach steady state asymmetry (characteristic time) is
directly related to the average time for the diffusion of the
molecule over the dimensions of the cell on which electro-
migration occurs. For the cultured Xenopus spherical
myoblasts (average diameter 35 ,um), a previous study (10)
has shown that both the diffusion time and 1 /e of the
characteristic time required for electromigration to reach a
steady state in the DC field were -10 min. A similar time
course was also found in the present pulsed field experi-
ments. It thus appears that, at least for the 5 and 50 ms
pulses, repetitive diffusional randomization during the 5
and 50 ms interpulse intervals exerted an imperceptible
influence on the time course of asymmetry development.
Frequency Dependence
A direct test of the effect of diffusional randomization
during interpulse intervals is to vary the frequency of the
pulsed field, while fixing all other parameters, i.e., the
intensity and width of the pulse, as well as the total number
of pulses delivered to the cells. Two separate experiments
were carried out: first, a pulsed field of 5 ms pulse width
and 6 V/cm pulse intensity was applied to a group of
cultures at frequencies of 10, 20, 50, and 100 Hz for
periods of 100, 50, 20, and 10 min, respectively; delivering
a total of 6 x 104 pulses to each culture. In the second
experiment, a similar pulse pattern was used except that
the total number of pulses delivered was increased to 9 x
104. Results of these experiments are depicted in Fig. 2. We
found (a) the asymmetry in con A receptor distribution
induced by the fields of low frequency (or long IPI) was
significantly lower than that induced by a high frequency
field (or short IPI), even though identical amounts of total
electric charge had been delivered to each culture. (b) the
effects of 9 x 104 pulses are apparently greater than with
the 6 x 104 pulses, especially for low frequency fields.
Similar results were also obtained in a separate set of
experiments, where a pulse intensity of 3.3 V/cm was used
(data not shown).
In these experiments, the IPI of the field was inversely
proportional and the average field intensity was propor-
tional to the frequency of the field. Our finding that fields
at low frequencies (10 and 20 Hz) induced lower asymme-
try is consistent with the notion that long IPIs and/or low
average field are associated with low asymmetry. However,
one must also consider the possibility that asymmetry
formation has not reached a steady state, and that the time
course for attainment of steady state is frequency depen-
dent. Note that exposures to 6 x I04 and 9 x 104 pulses at
20 Hz (average field 0.6 V/cm) involved an elapsed time of
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FIGURE 2 Dependence of asymmetry index on interpulse interval (IPI)
or frequency of pulsed fields with fixed pulse width (5 ms), intensity (6
V/cm) and total number of pulses delivered. Pulses were delivered at
various frequencies to achieve different IPIs. Although the time-averaged
field intensity was lower at longer IPI, the total amount of charge passed
remained the same. Within each group of experiments (6 x 1O4 [@] or 9 x
104 [A] pulses), all 20 and/or 10 Hz results are statistically different from
100 and 50 Hz results (P < 0.01, Student's t test). Each point (mean ±
SEM) was obtained from 22-28 cells in one culture. Asymmetry index of
0.05 indicates level of detectable asymmetry (straight dotted line). For 6
X 104 pulses (-), a threshold frequency between 10 and 20 Hz (4) (IPI
50-70 ms) was obtained by extrapolation. For 9 x 104 pulses (A),
detectable asymmetry may be achieved at frequency below 10 Hz (4).
50 and 75 min, respectively. The small but significant
difference in asymmetry produced by these two treatments
indeed suggests that a steady state had not been reached
after 50 min exposure to a 20 Hz field. This is in contrast to
the formation of asymmetry with high duty cycle fields
(and high average field) shown in Fig. 1, where a clear
steady state was reached within 30 min. From these
experiments, we reached a tentative conclusion that for the
same amount of charge delivered, high frequency pulses
applied within a brief elapsed time are more effective than
prolonged application of the same pulses at low frequency;
and that this may be due to the fact that in the latter
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FIGURE 3 Dependence of asymmetry index on interpulse interval (IPI)
of pulsed field with fixed frequency (10 Hz). Short term exposure (5 and
10 min) was examined. To keep an average field intensity of 1.5 V/cm for
all IPI values used, pulse intensity was varied and was 10, 6, 3, and 2
V/cm for IPI 85, 75, 50, and 25 ms, respectively. At 5 min, all results
from IPI - 75 ms are statistically different from IPI = 25 ms (P < 0.01,
Student's t test). At 10 min, the same extent of asymmetry was achieved
by all field conditions. Each point (mean ± SEM) was obtained from
22-29 cells in one culture.
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0.31situation, the cells were exposed to low average field levels
(and low duty cycle), or that Brownian diffusion during
IPIs became significant in these low duty cycle pulses,
increasing the time requirement for asymmetry forma-
tion.
0.2-
0.1 -
Dependence on Interpulse Interval in Initial
Responses
The experiments described above did not distinguish the
effect of low average field and low duty cycle on the
asymmetry formation. To test directly the dependence on
the duty cycle, or the IPI, we carried out experiments in
which the frequency was kept constant (10 Hz), and the
intensity and duration of the pulse were varied to give a
constant average field of 1.5 V/cm but different IPIs. The
duration of field exposure was set at 5 and 10 min in two
separate experiments. The result is shown in Fig. 3. For 10
min exposure, no difference in asymmetry was found for
cultures exposed to different IPIs ranging from 25 to 85
ms. However, significant differences were found for cul-
tures that were exposed for 5 min. Longer IPIs (75 and 85
ms) yielded lower asymmetry. Because all cultures experi-
enced the same average field intensity within each cycle,
the difference in asymmetry must be due to a long IPI or to
the correspondingly low duty cycle. The fact that this
difference was detectable at 5 min but not at 10 min
suggests that the long IPI affects the initial response of
asymmetry formation before the latter has reached a
steady state.
In other words, the effect of IPI depends on the exposure
history of the cells. This may also be true within the
duration of each pulse cycle, as indicated by observations
that with 5 ms pulses, an IPI of 45 ms led to a significant
reduction in asymmetry (Fig. 2), whereas with 50 ms
pulses, an IPI of 50 ms did not reduce the asymmetry (Fig.
3). Although average field intensity was also one deter-
minant in these cases, it will be shown later that the
relative length of pulse width and IPI (or duty cycle),
rather than the absolute length of the IPI, determines the
effectiveness of the pulses when compared with DC fields
of the same intensity (section 6).
Steady State Asymmetry
The notion that the frequency and IPI of the pulses affects
the initial response but not the steady state asymmetry was
tested in two other experiments. Cultures were exposed to a
long treatment (30 min) with pulsed fields of various
frequencies (5 to 100 Hz) and of either 25 or 75% duty
cycle. The average field intensity was kept constant at 1.5
V/cm by varying the width and intensity of the pulse for
each condition. The result is shown in Fig. 4. In general all
conditions resulted in asymmetry which was not signifi-
cantly different from the effect of a 1.5 V/cm DC field.
Together with the result shown in Fig. 1, where a 50%
duty cycle field was used, we conclude that for fields with a
0
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FIGURE 4 Steady state asymmetry in pulsed fields of various frequen-
cies. Cultures were exposed for 30 min in pulsed fields of average intensity
1.5 V/cm. Pulse intensity was 6 and 2 V/cm for duty cycle 25% (A) and
75% (-) respectively. The majority of data points scattered between AI of
0.14 and 0.20. For each day of experiment (typically three pulsed field
exposures at different frequencies), one culture was also exposed to DC
field of intensity 1.5 V/cm for 30 min. Asymmetry index from these
cultures also fell in the same range. Individual result from DC exposure is
not shown explicitly but the overall mean (0.168 ± 0.013, 7 cultures) is
represented by the horizontal dotted line. Statistical analysis (Student's t
test) of data from DC and pulsed field exposure obtained at the same day
show no significant difference at 95% confidence level (P > 0.05) except
for cases marked with * where 0.01 < P < 0.05. Note that comparison
was not made between * and A. Each point (mean ± SEM) was obtained
from 22-28 cells in one culture. (logfscale on abscissa).
duty cycle above 25%, the time required to reach a steady
state asymmetry was <30 min. For shorter duty cycles, as
used in studies in the Frequency Dependence section,
namely 5 and 10%, the time course was apparently
prolonged significantly, since there was an apparent
increase in asymmetry when the field application was
prolonged from 50 to 75 min.
Threshold Fields
An immediate question of physiological interest is the
minimal field required to produce asymmetry in receptor
distribution. If the field is allowed to act for a relatively
long period, 10 Hz pulses of intensity 6 V/cm and width 5
ms can produce detectable asymmetry (AI - 0.05) within
150 min (Fig. 2, 9 x I04 pulses). This corresponds to a field
of 5% duty cycle and an average intensity of 0.3 V/cm
within each cycle. A higher frequency field was required
for rapid induction of asymmetry. Thus, 100 Hz pulses of
width S ms (50% duty cycle) and lower pulsed intensity (3
V/cm, average 1.5 V/cm) produced significant asymme-
try within 5 min (Fig. 1).
Neural action potentials and synaptic potentials typi-
cally generate pulsed fields with widths in the range 1-5
ms, and at frequencies below 200 Hz. Their effectiveness in
modulation of the topography of the membrane receptors
depends crucially on two factors that are difficult to assess
at present; the intensity of the perimembrane field within
the narrow intercellular spaces or its components within
the cytoplasm, and the extent of the spread of the field
along the plasma membrane (18). The former relates
directly to the intensity of the average field, and the latter
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determines the time course of asymmetry development. A
semi-analytical treatment of these problems will be pre-
sented elsewhere (Young, S. H., and M.-M. Poo, in
preparation). It is worth noting, however, that a strong
effect is most likely to occur where higher frequency pulses
are produced in regions of the nervous system and where
pulsed fields decrement rapidly over a short distance, a
situation exemplified by the synaptic activity at the den-
dritic spine of the mammalian CNS (17).
Comparison with DC Fields: Dependence
on Duty Cycle
In most of the above experiments, parallel cultures were
also exposed to DC fields of the same average field
intensity. A direct comparison of the effectiveness of
pulsed fields with DC fields can be made. Fig. 5 A shows
the result of such a comparison for pulsed field data
depicted in Fig. 3. Asymmetry indices for cultures exposed
to pulsed fields of various duty cycles for 5 or 10 min were
divided by those of the cultures treated with a DC field of
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FIGURE 5 (A) Effectiveness of 10 Hz pulsed fields with various duty
cycles. Each point represents the ratio of two mean AI (22-28 cells each)
determined from two parallel cultures, one exposed to pulsed and the
other to DC field. The pulsed field conditions were the same as those of
Fig. 3. DC field intensity was 1.5 V/cm. (B) Effectiveness of 5 ms pulses
delivered as fields of various duty cycles. Each point represent the ratio
obtained similar to those of A. Pulsed field conditions were the same as
those in Fig. 2. DC field intensity corresponded to the average field
intensity of the pulsed field and was 0.3, 0.6, 1.5, and 3 V/cm for duty
cycle 5, 10, 25, and 50%. In both A and B, horizontal dotted line indicates
results from DC exposure in the corresponding conditions. Student's t test
on paired results (before taking ratio) from DC and pulsed fields showed
statistically significant differences at 95% confidence level (P < 0.05) for
points marked with * to their upper right.
1.5 V/cm for 5 or 10 min, respectively. A ratio of 1
indicates effectiveness the same as a DC field. Interesting-
ly, significant differences were found for 5 min exposure,
but not for 10 min exposure. Lower duty cycle fields
produce less asymmetry than DC field, while the converse
may be true for high duty cycle fields. A clear understand-
ing of this behavior requires further theoretical analysis of
the pre-steady state distribution of receptors during pulsed
field exposure.
A similar situation was found for the pulsed field study
described in section 2 (Fig. 2). Asymmetry resulting from
exposure to the 20 Hz, 5 ms pulses for 50 min (Fig. 5 B,
total 6 x 104 pulses, duty cycle 10%) is less effective than
that produced by DC fields of the same average field
intensity, while longer exposures (75 min, 9 x 104 pulses,
duty cycle 10%) were as effective as exposure to equivalent
DC fields. Because, for this low duty cycle (10%) field, the
steady state apparently has not been reached by 50 min
(see discussion in section 2), this result is consistent with
the notion that the effectiveness of the pulsed field differs
from that of the equivalent DC field only during pre-
steady state conditions.
Common features of Fig. 5, A and B, not only showed
that the effectiveness of pulsed fields (before steady state)
is dependent on duty cycle, but also suggested a critical
value of the duty cycle at around 25%. For duty cycles
below this value, pulses were less effective than DC fields
or pulses of duty cycle above 50%. A particularly interest-
ing indication of these results is that when the same
amount of charge is contained in each pulse, wider pulses
(e.g., 75% duty cycle) are more effective than narrow
pulses (e.g., 25% duty cycle). An hypothetical field condi-
tion can be made in which an asymmetric AC field is
composed of pulses of opposite polarities, occupying 10 and
90% of the cycle time and of intensity ratio of 9:1. Overall
current generated during each cycle is zero. With pro-
longed exposure to such a field, no induced asymmetry
would be expected, since the average field intensity is zero.
However, with brief exposure to trains of such pulses we
would expect that a small asymmetry could be induced if
effects of the pulses of the two opposite polarities are
additive. Our efforts in direct experimental detection of
such an effect were not successful because at the present
pulse intensity used, the extent of asymmetry, if it exists at
all, was very close to noise level. Nevertheless, it is worth
noting that the local extracellular electric fields generated
by a neural action potential is likely to resemble this kind of
AC field (e.g., 100 Hz activity with 1 ms depolarization
and longer hyperpolarization >5 ms).
It should also be noted that because diffusional random-
ization of con A receptors is highly temperature dependent
(10), we may expect the critical duty cycle to also show
temperature dependence. At high temperature, fast diffu-
sion of the receptors probably lead to a higher critical
value, whereas the reverse may be expected at low temper-
ature.
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To further test whether a pulsed field is as effective as
an equivalent DC field in near steady-state conditions, we
compared the asymmetry produced by 20 min exposure
with a 50% duty cycle field over a wide frequency range
(0.5 Hz to 10 KHz) with effects of DC fields, for two
different average field intensities (2 and 3.8 V/cm). The
result is shown in Fig. 6. No statistically significant
difference was observed, (P > 0.05) between DC and
pulsed field except in one case where 0.01 < P < 0.05 was
found.
CONCLUSIONS
The present experiment indicates that the effectiveness of
pulsed fields in producing net electromigration of receptors
on cell surfaces can be considered in two aspects: the first
concerns the characteristics of the applied field, namely its
time-averaged field intensity and duty cycle of the pulses;
the second concerns the process of migration per se,
namely, whether or not the migration has reached steady
state. In the steady state condition, pulsed fields of
different patterns but the same average field intensity
produce the same effect, which is also identical to that
produced by equivalent DC fields. In the pre-steady state,
the lower duty cycle field is less effective than the higher
duty cycle field of the same average field intensity, as well
as the equivalent DC field. Frequency dependence in
pre-steady state is implied by these factors. Because the
time course of the approach to steady state is apparently
prolonged for low duty cycle, low frequency fields, brief
pulses (e.g. 5 ms) delivered at high frequency (e.g. 100
Hz), are more effective than at low frequency (e.g., 10
Hz), even though the same total number of pulses is
delivered.
The present study was carried out on a model spherical
cell type, using a uniform electric field. Because the time
course of approach to steady state depends directly on the
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FIGURE 6 Effectiveness of 50% duty cycle pulses over an extended
frequency range (0.5 Hz to 10 kHz). Each point represents the ratio
obtained similar to those of Fig. 5. Horizontal dotted line indicates results
from DC field exposure. DC field intensity was I and 1.9 V/cm for pulses
2 (-) and 3.8 (a) V/crn, respectively. Exposure duration was 20 min.
Comparison between DC and pulsed field exposure showed no statisti-
cally significant difference at 95% confidence level (P > 0.05) except for
the case marked with * to its upper right, where 0.01 < P < 0.05.
spatial dimension of the membrane within which the
receptor migration takes place, the results obtained in this
system cannot be applied quantitatively in other systems
where a pulsed field occurs in a localized, nonuniform
fashion. Recent computer modeling studies on migration in
a localized, decremental pulsed field (S. H. Young, per-
sonal communication) suggest that the behavior of migrat-
ing receptors is qualitatively similar to the situation for the
uniform field described here.
Action potentials and synaptic potentials in the nervous
system are characterized by brief pulses on the order of
milleseconds and at frequencies up to 200 Hz. The effect of
such fields in causing migration of membrane molecules, if
it exists at all, is likely to be frequency dependent. Besides
the apparent difference in average field intensities at
different frequencies for these brief pulses, there is a
further drop of effectiveness for low-frequency (e.g., 10
Hz) fields, due to prolonged pre-steady state.
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